down the rod, because substituting aspartic acid 1554 for lysine abolishes flightin's interaction in vitro (1) and accumulation in vivo (18) . Immunolocalization studies in Drosophilaand Lethocerus IFM indicate that flightin is associated with the thick filament backbone (25, 26) , consistent with studies that show flightin is absent in IFM lacking thick filaments (29) .
Studies using Drosophila mutants demonstrate that flightin plays several important roles in maintaining muscle integrity. Flightin is required for normal thick filament assembly and for establishing or maintaining in vivo filament length and flexural rigidity (8, 26) . Thick filaments assembled in the absence of flightin are, on average, >30% longer and are 30-45% more flexible than normal filaments (8) . Thick filaments lacking flightin are also more prone to in vivo fragmentation, indicating that flightin is essential for their structural integrity (26) . Notably, genetic ablation of flightin expression results in complete loss of flight due to structurally and mechanically compromised flight muscles (13, 26) . Sarcomere degradation and fiber hypercontraction are often extreme in the absence of flightin, suggesting that flightin fulfills a crucial role in maintaining normal myofilament lattice integrity of the IFM. Thus, flightin's influence spans from the sarcomere to the fiber, both of which are routinely disrupted by contractile forces when flightin is absent or present in reduced amounts (13, 18, 23, 26) .
The remarkable and distinct phenotypes manifested by flightin mutants (3, 8, 13, 23, 26, 31) and mutants that affect flightin expression (13, 18, 23) raise important questions about the functional roles and molecular properties of this unique protein. However, predicting flightin sequences that may fulfill important functional roles is difficult because flightin's amino acid sequence is not similar to any known protein domains. Therefore, we are left with the alternative approach of identifying flightin homologues and making predictions about protein function based on regions of sequence conservation across many species. A comparison of flightin sequences from 12 Drosophila species reveal a tripartite organization (Fig. 1) . The three distinct regions appear to be under different evolutionary constraints, raising the possibility that these regions define separate functional domains. In this study, we focus on the COOH-terminal region (amino acids 137 to 182) whose sequence shows an intermediate conservation profile, compared with the poorly conserved NH 2 -terminal region and the highly conserved midregion. High conservation suggests that the midregion contains critical sequences for flightin's interaction with the filament lattice, and we expect that genetic manipulation of this region would produce a phenotype similar to the flightin null. In contrast, the COOH-terminal region shows strong patterns of conservation only among closely related species (e.g., D. persimilis and D. pseudoobscura), suggesting that its function may be taxon-specific. To investigate the structural and functional influences of flightin's COOH terminus, we generated a new mutant allele by removing 44 COOHterminal amino acids (Fig. 2) . We find that the COOH-terminal truncated flightin associates with thick filaments but that the absence of the COOH terminus reduces myofilament lattice order and sarcomere regularity. Structural changes in IFM fibers with the COOH-terminal truncated flightin lead to decreased cross-bridge binding and reduced power output, which results in flies that are unable to beat their wings.
MATERIALS AND METHODS Fly strains.

Drosophila melanogaster w
1118 (an otherwise wild-type strain except for the white eye color mutation) and w*;T (2;3) (33) ]. Amino acid sequences were aligned using ClustalW.
Construction of the transformation vector.
The COOH-terminal deletion was engineered in a pCaSpeR transformation vector containing the full-length flightin gene and the actin Act88F promoter (2) . The last two nucleotides of the third intron 3′-splice site were changed from AG to GC by PCR using primers with the altered sequence, as previously described (3).
Solutions.
Solutions were prepared according to a computer program that solves the ionic equilibria (11) . Unless listed otherwise, chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and concentrations are in mmol/l (mM). Relaxing solution (pCa 8.0, pCa = −log 10 ΔC44 . Expression of the transgene in this line was confirmed by RT-PCR analysis via RNA isolated from 20 two-day old flies, using the primers 5′-TCCAGATAAACAACTGCC-3′ and 5′-ATTTAGGTGCGCTTACTA-3′.
Gel electrophoresis and Western blot analysis.
One (1DE)-and two (2DE)-dimensional gel electrophoresis and Western blot analysis were done as previously described (2) , with the following modifications. For 1DE analysis, IFM fibers were dissected and incubated in skinning solution for 2 h at room temperature, precipitated by spinning on a tabletop microfuge, drained of solution, rinsed for 5 min twice in washing solution, and dissolved in SDS gel sample buffer. All solutions contained protease inhibitor cocktail (Sigma-Aldrich). Samples were separated by 12% SDS-PAGE and transferred to nitrocellulose membrane (0.45 μm pore size) using a Tris-glycine buffer (National Diagnostics, Atlanta, GA) at 30 V for ∼14 h. Western blots were blocked using a 1:1 Aquablock-PBS solution (East Coast Biologics, North Berwick, ME) and incubated with a 1:3,000 dilution of anti-flightin polyclonal antibody (26) , then a 1:2,000 dilution of Alexa Fluor 680 goat anti-rabbit Ig (Invitrogen, Carlsbad, CA). Blots were scanned in an Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE) to detect flightin.
Quantitative Western blot analysis of 1DE gels was used to determine the relative flightin abundance in fln ΔC44 and fln + as described previously (2), with the following modifications. Fly thoraces were homogenized in SDS gel sample buffer containing 8 M urea without bromophenol blue, and total protein concentration was determined by Nanodrop (Thermo Scientific, Wilmington, DE). Sample concentration was adjusted to 8 mg/ml, 4 mg/ml, and 2 mg/ml, and equal amounts of protein from fln + and fln ΔC44 thoraces were combined, mixed with bromophenol blue, and loaded on a 12% SDS-PAGE gel. After electrophoresis, gels were blotted and processed for Western blot fluorescence detection as described (2) and analyzed with Phoretix 1D software (Nonlinear Dynamics, Durham, NC).
For 2DE analysis, whole thoraces were directly homogenized in a buffer containing 8 M urea, 4% CHAPS, 100 mM DTT, and 0.2% Biolytes 4/6. The sample (a 1:1 mixture offln + and fln ΔC44 flies, ∼100 μg total protein each) was spun for 3 min at 10,000 g and the supernatant was loaded onto an IEF pH 4-7 strip and allowed to rehydrate for 18 h. Isoelectric separation occurred via a linear volt ramp at 250 V (20 min), a rapid volt ramp at 8,000 V (2.5 h), and another rapid volt ramp at 8,000 V to reach 50,000 V h. Strips were first equilibrated in a solution containing 6 M urea, 2% SDS, 0.375 M Tris·HCl [pH 6.8], 20% glycerol, and 130 mM DTT. A second equilibration was carried out in the same buffer, but substituting 135 mM iodoacetamide for DTT. The strips were loaded on a 12% SDS gel and the proteins separated by electrophoresis at 85 V for 45 min followed by 150 V for 5 h. The gels were blotted onto nitrocellulose and probed with a rabbit anti-flightin polyclonal antibody as described previously (26) .
Flight performance.
Flight tests and wing-beat frequency analysis were performed on 10 flies from each line as previously described (31) .
Electron microscopy.
Fly thoraces were bisected, fixed, embedded, sectioned, and imaged as previously described (2).
X-ray diffraction experiments.
Live fly preparation and X-ray diffraction measurements were done as previously described (15) . X-ray diffraction patterns from resting flies were obtained using the small-angle instrument on the Biophysics Collaborative Access Team (BioCAT) beam line 18ID at the Advanced Photon Source (Argonne, IL). These patterns were analyzed to extract the intensities, widths, and separations of the 1,0 and 2,0 equatorial reflections, conferring information about the structure and heterogeneity of the filament lattice (14) . We calculated inter-thick filament spacing as 2/√3 multiplied by the d 1,0 lattice spacing value (d 1,0 is the distance between the 1,0 lattice planes). We also calculated the ratio of the 2,0 and 1,0 equatorial reflection intensities (I 2,0 /I 1,0 ), and the relative heterogeneity in inter-filament spacing among myofibrils (σ d ).
Single fiber mechanics.
Fiber preparation and mechanical measurements were performed as previously described (21) . Briefly, flies were anesthetized with CO 2 and single dorsolongitudinal muscle fibers were split lengthwise to make their diameter ∼100 μm. The fibers were demembranated in skinning solution, clipped with aluminum T-clips at both ends ∼300 μm apart, and mounted between a piezoelectric motor (model P-841.10, Physik Instrumente, Auburn, MA) driven by an amplifier (model E662, Physik Instrumente) and a strain gauge (model AE801, Kronex, Walnut Creek, CA). Fibers were mounted in relaxing solution (pCa 8.0), stretched until just taut, and then stretched an additional 5% in 1% increments to the initial fiber length (L 0 ). Fibers were activated (pCa 5.0) and stretched in increments of 3% L 0 until oscillatory work production reached a stable maximum as measured by sinusoidal analysis. Fibers were returned to relaxing solution and placed directly into rigor solution or progressively calciumactivated (to measure isometric tension versus pCa) and placed into rigor solution. Following tension stabilization at each condition, isometric tension and sinusoidal analysis measurements were recorded (15°C). Individual recordings of normalized isometric tension versus pCa were fit to a 3-parameter Hill equation to assess calcium sensitivity (pCa 50 ) and the Hill coefficient (n H ). Small-amplitude sinusoidal length changes (0.125% fiber length) were applied at 50 discrete frequencies (0.5-650 Hz), with data sampled at 5 kHz.
A digital fast Fourier transform (FFT) was applied to the strain (the change in muscle length divided by the original length) and stress (force divided by cross-sectional area) signals, and the complex modulus [Y(ω), where ω is angular frequency] was calculated from the quotient of these FFTs (stress/strain). Elastic and viscous moduli are separated via the in-phase (real part) and out-of-phase (imaginary part) portions of complex modulus. Fitting Eq. 1 to these data provides estimates for six model parameters: A, k, B, b, C, and c.
The magnitudes provided by A, B, and C are related to stress produced by the fiber (expressed in kN/m 2 ), while the characteristic frequencies b and c (expressed in Hz) are related to cross-bridge cycling rates. k is a unitless exponent (range, 0 to 1) describing the degree to which the measured viscoelastic behavior correlates with a purely elastic (k = 0) versus a purely viscous (k = 1) mechanical response.
The A-process reflects viscoelastic properties of structural elements within the fiber and holds no enzymatic dependence (22) . Enzymatic cross-bridge cycling behavior produces a frequency dependence in the measured viscous and elastic modulus during Ca 2+ -activated contraction. This enzymatic behavior is represented by the B-and C-processes, which characterize work-producing (cross-bridge recruitment) and -absorbing (cross-bridge distortion) processes, respectively (6, 16, 24) . The characteristic frequency b is correlated with the observed rate of myosin force production and scales proportionally with shifts in the frequency of maximal oscillatory work production (17, 35) , while c is related to the mean duration of cross-bridge attachment (24) .
Statistics.
All data are means ± SE. Nonlinear least squares fitting of Eq. 1 to recorded complex moduli was performed using a Levenberg-Marquardt routine (IDL 7.0, ITT Visual Information Solutions, Boulder, CO). Student's t-tests were used to examine differences between fln + and fln ΔC44 for most variables, except elastic and viscous moduli. Because these moduli data were measured across different sinusoidal oscillation frequencies, we applied a repeated-measures analysis with frequency as a repeated measure, followed by Bonferroniadjusted pairwise comparisons between the two groups at each frequency. All analyses were conducted with SPSS software (version 16; SPSS, Chicago, IL).
RESULTS
Comparison of flightin sequences among Drosophila species.
To identify sequences important for flightin function, we conducted a BLAST search of 11 Drosophila genomes using the flightin sequence from D. melanogaster (33) . Alignment of the 12 sequences revealed a tripartite organization (Fig. 1) . The NH 2 -terminal region extending to amino acid 65 (D. melanogaster numbering) shows very low conservation (<15% identity). In contrast, the midsection extending from residue 66 to residue 136 shows very high conservation (93% identity) while the COOH-terminal region (residues 137 to 182) shows intermediate conservation (60% identity). Thus, different regions of flightin appear to be evolving independently and may represent separate functional domains.
Sarcomeres in fln
ΔC44 flies incorporate COOH-terminal truncated flightin.
To elucidate the contribution of the COOH-terminal sequence of flightin to flight muscle function, we investigated transgenic flies expressing a truncated flightin in a background void of endogenous full-length flightin. This was achieved by mutating two nucleotides in the 3′-splice site of intron 3, preventing normal removal of intron 3 that results in a translation read-through of the boundary of exon 3 and intron 3 until encountering a cryptic stop codon within intron 3 (Fig. 2) (Fig. 3B) , showing that the average band intensity of the truncated flightin is 25% less than full-length flightin. Normalizing intensity units to protein load (8 mg) produced values of 104 ± 15 and 78 ± 8 for fln + and fln ΔC44 , respectively (means ± SE, n = 8). Because the truncated protein has 24% less sequence than the full-length version, the 25% reduction in band intensity most likely results from fewer epitopes on the truncated flightin molecule, assuming epitopes are uniformly distributed along the length of flightin. Shifts in pI are shown on the 2DE blots where protein extracts from fln ΔC44 and fln + thoraces were mixed (Fig. 3C) . The COOHterminal truncation reduced the number of spots to 8, compared with 11. This reduced phosphorylation profile, which normally includes at least 9 phosphovariants (32), agrees with previous studies where putative phosphorylation sites within the truncated COOH terminus were mutated to alanines (3).
fln
ΔC44 flies cannot beat their wings.
The parental transgenic line expressing fln ΔC44 in a w 1118 background (i.e., with endogenous flightin) showed normal behavior and flight ability, indicating that the truncated flightin insertion does not interfere with function. fln ΔC44 flies were flightless (flight score = 0) and unable to produce any sustained, consistent wing movement emulating wing beats, although sporadic, small-amplitude wing motions were observed. fln + flies were flight capable, with a flight score of 4.5 ± 0.1 and a wing-beat frequency of 186 ± 1 Hz, consistent with previous results (2).
ΔC44 flies display disorganized sarcomeric structure.
Previous characterization of flightin-null flies (fln 0 ) showed that flightin's absence increases sarcomere length and severely compromises sarcomere integrity in adult IFM (26) . The sarcomeric defects of fln 0 are completely reversed in fln + flies by reintroducing the wild-type flightin gene into the fln 0 strain by genetic transformation (2) (Fig. 4, A and B) . However, fln ΔC44 expression in a flightin-null background only partially rescued the sarcomeric defects observed in fln 0 , withfln ΔC44 sarcomeres appearing (Fig. 4 , C-F) more disorganized than the control, fln + (Fig. 4, A and B) . Although fln ΔC44 showed cylindrical myofibril cross sections (Fig. 4C) and sarcomeres with well-defined Z-lines (Fig. 4D) , the filament lattice appeared disordered (Fig. 4C ) and M-lines were often absent or showed reduced intensity (Fig. 4D) . In somefln ΔC44 sarcomeres the M-line appeared wavy or zigzagged with electron dense material streaming into the A-band overlap zone (Fig. 4E) . Irregularities in Z-band structure were also observed (asterisks in Fig. 4, D-F) . Another common feature of fln ΔC44 sarcomeres were gaps along the A-band (arrow in Fig. 4D ), which occasionally ran the length of the sarcomere (Fig. 4F) . These longitudinal gaps may be consistent with separations of the lattice that appear in the cross-sectioned images (Fig. 4C) , disrupting the nearly crystalline hexagonal lattice found in the control IFM. These gaps are reminiscent of features seen in fln 0 sarcomeres (26), though much less extreme. Sarcomere length in fln ΔC44 was slightly shorter than fln + , at 3.12 ± 0.02 μm (n = 212) versus 3.42 ± 0.11 μm (n = 225).
ΔC44 flies exhibit disordered myofilament lattice.
The fln ΔC44 flies had a 0.4 nm (∼1%) decrease in inter-thick filament spacing and an increase in σ d , a relative measure of the heterogeneity among myofibrils ( Table 1) . The large increase in equatorial intensity ratio (I 2,0 /I 1,0 ) for fln ΔC44 indicates a mass shift away from the thick filament toward the thin filament (Table 1 ). An increased I 2,0 /I 1,0 is normally interpreted to result from repositioning of the myosin further from the thick filament backbone toward the thin filaments, thereby increasing the probability of binding (7, 9) . However, the increased I 2,0 /I 1,0 could also result from the COOH-terminal truncated flightin decreasing thick filament mass, relative to thin filament mass. Given that the mass of the thick filament is ∼90% myosin (the heavy chain dimer dominating with ∼4,000 aa) and a flightin-tomyosin ratio of approximately 1:2, we estimate that flightin (182 aa) contributes no more than 2% of the total thick filament mass [≈(182/4,000) × 45%]. Because the missing COOHterminal sequence represents ∼25% of the flightin mass, the reduction in thick filament mass due to a truncated flightin would be no more than 0.5% of total thick filament mass. Thus, the minimal mass decrease is unlikely to account for the large increase in I 2,0 /I 1,0 from fln ΔC44 flies compared with fln
Altogether, the in vivo X-ray diffraction results show that the COOH-terminal truncated flightin produces slightly smaller lattice structure, more heterogeneity in the myofilament lattice spacing, and repositioning of the myosin heads away from the thick filament backbone. X-ray diffraction results agree well with electron microscopy observations, both indicating that ultrastructural organization of the IFM is reduced in the fln ΔC44 flies compared with fln + flies.
Muscle fibers from fln ΔC44 flies show decreased cross-bridge cycling kinetics.
Relaxed steady-state isometric tension increased in fln ΔC44 fibers (Table 2) , although relaxed tensions at L 0 were similar for both lines (1.2 ± 0.1 kN/m 2 for fln + vs. 1.4 ± 0.2 kN/m 2 for fln ΔC44 ). Notably, fln ΔC44 fibers required twice the stretch from L 0 to reach stable, maximum work production, compared with the fln + (16 ± 4% vs. 8 ± 3%). These results suggest that the greater relaxed isometric tension for fln ΔC44 fibers likely stems from greater connecting filament strain due to the increased stretching required to achieve maximal oscillatory work (34) .
There were no differences in net active or net rigor tension between fln + and fln ΔC44 fibers. The isometric tension-pCa relationship was similar for fln + and fln ΔC44 , quantified by calcium sensitivity (pCa 50 ) and cooperativity (n H ) ( (Fig. 5 ). By eliminating cross-bridge cycling, relaxed (without strong cross-bridge binding) and rigor (without ATP so strongly bound cross bridges cannot detach from actin) measurements highlight the structural elements contributing to the fiber's viscoelastic properties. The rigor measurements include a contribution from the strongly bound cross bridges, in addition to the passive elements measured under relaxed conditions. These results show no obvious differences between the fln + and fln ΔC44 fibers, indicating similar viscoelastic mechanical properties for filaments and cross bridges between both lines.
At maximal calcium activation (pCa 5.0), fln ΔC44 fibers had a greater elastic moduli from 210-615 Hz and smaller viscous moduli from 70-365 Hz (Fig. 6, A and B) . Maximal oscillatory work and power output were less for fln ΔC44 than fln + fibers (Fig. 6, C and D) . The decreases in maximal work and power for fln ΔC44 were accompanied by lower frequencies of maximal work and power. These measurements demonstrate that diminished organization of fln ΔC44 IFM compromises the cross-bridge recruitment required to achieve flight.
The model parameters A and k were similar between fln ΔC44 and fln + , indicating likeness between the passive mechanical elements of their muscle fibers (i.e., M-lines, Z-lines, thick, thin, and connecting filaments; Fig. 7, A and B) . The fln ΔC44 fibers had reduced B and C values, roughly half those observed for fln + (Fig. 7C) , indicating decreases in the number of strongly bound cross bridges or cross-bridge stiffness. Because similar values among passive and rigor moduli for both lines (Fig. 5) imply comparable cross-bridge stiffness values, the decreases in B and C signify less cross-bridge binding during active contraction in fln ΔC44 flies. The values for c were not different between lines (Fig. 7D ), indicating no variation in mean cross-bridge attachment duration [t on = (2πc) −1 ] (24). However, the value of b decreased in the fln ΔC44 line (Fig. 7D) , suggesting a slower rate of cross-bridge recruitment that correlates with decreased frequencies of maximal work and power (Fig. 6, C and D) .
DISCUSSION
This study further defines the critical role that thick filament-associated proteins play in maintaining structural integrity of sarcomeres to promote functional muscle contraction. This study demonstrates that the COOH terminus of flightin, a myosin rod binding protein, is required for normal myofilament lattice organization, which in turn coordinates cross-bridge cycling kinetics to generate high power output of Drosophila IFM to accommodate flight. These findings exemplify complex behavior in a biological system, where rather subtle differences in myofilament lattice structure cascade into moderate differences in cellular function that underlie severe differences in organismal behavior.
In a flightin-null background, the IFM fibers expressed and incorporated the COOH-terminal truncated flightin into the sarcomere (Fig. 3) . Although muscle ultrastructure is less ordered for fln ΔC44 than fln + (Fig. 4) , the COOH-terminal truncated flightin has greatly improved muscle integrity compared with similarly aged fln 0 flies (1.5-3 days old). Thefln 0 flies had severely disrupted sarcomeres, with breakdown of Z-bands and nearly complete loss of Mlines (26) . Although the four ectopic amino acids incorporated into the truncated gene construct could potentially interfere with the function of the truncated flightin, we expect these influences to be small because the COOH terminus of flightin does not appear to be essential for flightin expression, stability, or incorporation into the thick filament (Figs.  3 and and4) .4). These results also indicate that the fln ΔC44 preserves critical amino acid sequences for binding the myosin rod and maintaining sarcomere stability (Fig. 4) .
Quantitative Western blot analysis showed the expected 25% intensity reduction for the truncated flightin band compared with control (Fig. 3B) . We interpret that the reduced intensity is due to ∼24% of the protein missing, meaning the COOH-terminal truncation does not significantly alter flightin expression. This interpretation is based on the assumption that the anti-flightin polyclonal antibody recognizes epitopes uniformly along the length of the polypeptide chain. However, it is possible the 25% intensity reduction is due to a decrease in expression of the truncated flightin. Supporting evidence that the truncated flightin expression is not reduced comes from comparing fln ΔC44 fibers to fibers from a flightin deficiency heterozygote mutant [Df(3L)fln1], which showed a 20% decrease in flightin expression due to haploidy (31) . Indices of muscle and flight performance were considerably different between these two lines, with fln ΔC44 fibers showing reduced peak power output and decreased frequency of maximal power output while Df(3L)fln1 fibers showed no change in peak power output and increased frequency of maximal power output. The slowed crossbridge kinetics for fln ΔC44 are opposite the accelerated kinetics forDf(3L)fln1, resulting in the fln ΔC44 line being incapable of beating their wings while Df(3L)fln1 are flight capable. Importantly, both lines show a similar increase in sarcomere disorder compared with controls, which indicates that altered myofilament structure is not causing the differences between the fln ΔC44 and Df(3L)fln1 lines. If the COOH-terminal flightin truncation phenotype resulted from reduced expression rather than the truncation per se, the fln ΔC44 phenotype should have resembled that of Df(3L)fln1, but that is not the case. Together with the quantitative Western blots, this comparison indicates that the COOH-terminal truncation does not alter flightin expression compared with controls.
We observe 8 of the 11 expected isoelectric variants in fln ΔC44 compared with fln + (Fig. 3C) , 9 of which have been attributed to phosphorylation (32) . A reduction in the number of phosphorylated spots was expected given prior studies suggesting the presence of five putative phosphorylation sites on the COOH-terminal region of flightin (3). More importantly, the multiple spots observed in the 2DE gels from fln ΔC44 fibers suggest that many other phosphorylation sites are retained in the truncated protein. Combining this result with the expected shifts in pI due to fewer amino acids (Fig. 3) , we speculate that the truncation does not lead to a different phosphorylation profile for the remaining phosphorylation sites, in contrast with findings for COOH-terminally truncated myosin binding protein C (10) . Similarities among the expected phosphorylation profiles for fln ΔC44 and fln + suggest that the truncated protein folds properly, at least to the extent it can be recognized by protein kinases, and is stable in the adult muscle.
An important consistency between fln
ΔC44 and fln + fibers results from the similarities in their elastic and viscous moduli under relaxed conditions, indicating no differences in the mechanical properties of passive structural elements constituting their fibers (Fig. 5) . The agreement between rigor moduli (Fig. 5) , which measures passive structural elements as well as strongly bound cross bridges (4, 22) , demonstrates no differences in cross-bridgedependent stiffness (calculated as the difference between rigor and passive moduli). The likeness of rigor measurements also indicates that myosin cross bridges are equivalently capable of binding actin in COOH-terminal truncated flightin fibers as in control fibers.
Active moduli data also demonstrate similarities in passive mechanical elements of the myofilament lattice between the two lines, evident though comparable values for A and k (Fig. 7, A and B) . These results show that the COOH terminus of flightin is not required for coordinating thick filament assembly, stabilizing mechanical properties of thick filaments, or forming strongly bound cross bridges (given enough time for rigor bridges to form).
Structural results from electron microscopy (Fig. 4) and X-ray diffraction measurements (Table 1) show that the absence of flightin's COOH terminus leads to disorder at the sarcomere, filament, and cross-bridge level. This flightin truncation led to inconsistent appearances of M-lines combined with abnormal Z-bands, as well as longitudinal or radial breaks in sarcomeric structure (Fig. 4, D-F) . These changes were accompanied by a slightly compacted myofilament lattice and less homogenous thick filament spacing ( Table 1 ). The greater I 2,0 /I 1,0 in the fln ΔC44 flies shows that myosin heads are positioned further away from the thick filament backbone, although the reduced mechanical performance suggests that fewer heads are well oriented for binding actin.
fln
ΔC44 fibers generated reduced work and power output at lower frequencies of maximal work and power, indicating slower cross-bridge cycling kinetics compared with fln + (Fig.  6, C and D) . Slower cross-bridge kinetics in fln ΔC44 fibers likely result from a reduced rate of cross-bridge recruitment, evident by the reduced value for b (17, 35) (Fig. 7D) . A slower recruitment rate for fln ΔC44 fibers without any change in [t on = (2πc) −1 , Fig. 7D ] would lead to fewer strongly bound, high-force bearing cross bridges compared withfln + . The observed decreases in model parameters B and C (Fig. 7C) (Table 2) , which is not surprising given that observed isometric tension changes in the IFM (21, 28) generally require larger changes in cross-bridge cycling kinetics (>50%) than observed here (∼20%). Altogether, the decrease in cross-bridge recruitment reduces the number of strongly bound cross bridges, resulting in diminished maximal work and power output in the IFM, leaving fln ΔC44 flies unable to beat their wings.
As discussed above, measured viscoelastic moduli (Figs. 5 and and6)6) indicate no differences in thick filament or cross-bridge stiffness between fln ΔC44 and fln + . However, previousfln 0 measurements demonstrated that reduced filament stiffness can slow the rate of force development (8, 13) , consistent with computational modeling predictions (5, 19) . Specifically, previous studies showed that flightin is responsible for 30-45% of the thick filament's flexural rigidity (8) , which correlated with a ∼35% reduction in the frequency of maximal work reported for the more compliant fln 0 fibers (13) . Because thick filaments are estimated to be 17 times stiffer than connecting filaments (12) , passive measurements largely describe properties of the more easily stretched connecting filaments (34) . Because the passive properties are similar between fln ΔC44 and fln + , variations in thick filament stiffness would be most evident from the rigor measurements, but no rigor differences were found (Fig. 5) . While subtle changes in thick filament stiffness may not be discernible in the rigor data, there is no evidence indicating that the reduced cross-bridge cycling kinetics in fln ΔC44 fibers stem from large increases in thick filament compliance.
We hypothesize that increased lattice disorder leads to diminished contractile function in the fln ΔC44 fibers. This increased lattice disorder compromises the ability of myosins to readily find their actin binding sites, reducing the rate of cross-bridge recruitment and suppressing the number of bound cross bridges, although cross-bridge stiffness and mean cross-bridge attachment duration remain unchanged once binding occurs. These measurements suggest that removing the COOH terminus of flightin does not significantly affect flightin's integration into the sarcomere or mechanical properties of thick filaments, indicating that the COOH terminus of flightin is not solely responsible for the large changes in filament length and flexural rigidity found in flightin-null flies (8) . In summary, the COOH terminus of flightin promotes normal myofilament lattice order and sarcomeric structure, enabling the exceptionally fast cross-bridge kinetics that power flight (27) . 
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